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Luminous flux scale (CQS) of 74 in all examined chromatic temperatures (5600 K — 8500 K), 
Mie-scattering theory which is greater than SRPC’s 71 at 8500 K. Besides, the luminous 
WLEDs efficiencies (LEs) in DRPC are more outstanding than that of SRPC, at 


given LaOF:Eu** concentration percentages (2%-14%). To summarize, 
DRPC offers greater benefits in luminous flux and color quality, compared 
to SRPC. Choosing the proper red light phosphor concentration, on the other 
hand, becomes a crucial aspect of achieving the ideal CQS and LEs. 
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1. INTRODUCTION 

A circadian light source with tunable color temperature can benefit human life quality. Having 
bright and calming color light in the workplace in the daytime can also improve productivity [1]-[3]. Using 
dim, red-rich incandescent lighting when the moon rises may also help you feel more relaxed and tranquil. 
In that case, humans get used to circadian sources during evolution. It would be appropriate to use white light 
emitting diodes (LEDs), or white light emitting diodes (WLEDs), that emulate the daylight color 
temperatures (CTs) from the sun for daytime activities, while it is ideal for LEDs with lower CTs to be used 
at daybreak and nighttime. The difficulty in designing the desired cluster of the white LED for the mentioned 
prospects is to attain high color rendering indices (CRIs) over a wide variety of CTs while maximizing their 
luminous efficiencies (LEs) [4]-[6]. There are some profound analyses showing WLEDs setups that present 
remarkably adjustable correlated chromatic temperatures (CCTs) [7], [8]. The outcome shows that one of the 
easiest approaches to high LE and color rendering indices (CRI), especially the ROCRI for the bright red 
emission, is to formulate a phosphor-covered/red/blue LED (PC/R/B LED) model. Specifically, this LED model 
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comprises a phosphor-covered LED (PC LED), in which the green and orange phosphors are applied and 
stimulated by the blue chip, a red LED, and a blue LED [9]-[12]. The CCT-adjustable PC/R/B LED setup 
exhibited CRI and R9 values ranging from 90 to 96, along with LEs varying from 105 to 119 Im/W, when the CCT 
range is from 2722 K to 6464 K. On the other hand, this combined CCT-adjustable LED model cannot provide 
CCT white light having both CRI and R9 above 96 [13]-[15]. Apart from the down-conversion energy loss of 
phosphors, until now, no one has investigated the photometric optimization of the CCT-adjustable WLED using 
remote phosphor configurations (RPCs) with high CRI. Hence, an urge to demonstrate a photometric optimization 
model for a CCT-changeable WLED model, which accesses the down-conversion energy loss, with a great level of 
CRIs has emerged in the research field [16]-[18]. By satisfying the criteria at CCTs 2700 K to 6500 K, both CRI 
and R9 over 98, with differences in color shades below 0.0054, assessed from the Planckian or daylight locus on 
the CIE 1960 UV chromatic diagram (Duv). To obtain a desired CCT-adjustable red/yellow/conversion (R/Y/C) 
white-emission LED setup, the component LEDs used for designing are the PC LED types. In detail, they are 
AlGaInP-based PC LEDs with direct red-emission, PC LEDs with yellow-emission that consist of green-emitting 
and orange-emitting silicate phosphors, and cyan-emission PC LEDs with silicate green phosphors. All of them 
are excited by an InGaN blue chip. PiG not only improves the LE and heat consistency of WLEDs, but it also 
provides color quality benefits that are only mentioned or demonstrated in a few kinds of research. In this 
study, the novel RPC designed with two separate phosphor films, called double-film remote phosphor 
configuration (DRPC), is presented to access the improvement of optical properties, especially, the LE and 
chroma feature of WLEDs. Furthermore, using Mie scattering theory, the optical properties of two RPC 
types, including the single-film RPC (SRPC) and DRPC, are convincingly demonstrated. 


2. DETAIL OF EXPERIMENT AND SIMULATION 

As shown in Figure 1(a), WLEDs, with average CCTs of 8500 K, 7700 K, 7000 K, 6600 K, and 5600 K 
and built with RPCs, are created with the commercial software LightTools 9.0 [19]. Additionally, the simulating 
process by LightTools employs a Monte Carlo ray-tracing technique. Figure 1(b) shows the physical model of 
WLEDs in 3D simulation, which is then used for lighting simulations of distant packages. As shown in 
Figure 1(c), SRPC is performed with a phosphorous layer composed of LaOF:Eu** and a yttrium aluminum 
garnet (YAG) combination. DRPC, on the other hand, is made up of two distinct red and yellow phosphor 
layers, as seen in Figure 1(d). The bottom length of the mirror in this physical form of WLEDs is 8 mm, 
along with a 2.07 mm height and a 9.85 mm length for the top surface. A fixed thickness of 0.08 mm remote 
phosphor coating is applied to the 9 LED chips. As in Figure 1(b), the cavity of the reflector confines 3 
parallel columns of LED chips whose square base is 1.14 mm and height is 0.15 mm. At a wavelength of 455 
nm, each blue chip emits 1.16 W of radiant flux. The concentration of LaOF:Eu** phosphor particle changes 
from 2% to 30% while the weight percentage of SiO2 particles in phosphor compounding is constant at 5%. 
Additionally, the percentage of YAG:Ce** amount is regulated for maintaining average CCT values. 


(a) (b) 


EE 
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Figure 1. Illustration of the modeled WLEDs: (a) Physical model of a WLED; (b) The LightTools-simulated 
WLED cluster; (c) SRPC with SiO2 (green) and LaOF:Eu** (red) in YAG:Ce** layer (yellow); and (d) DRPC 
with SiO2 in LaOF:Eu** layer and YAG:Ce** layer 


For improvements in chromatic scales and luminescent fluxes of ... (Van Liem Bui) 


180 m) ISSN: 1693-6930 


The optical properties of SiO2 and LaOF:Eu** phosphor particles can be created using the LightTools 9.0 
program [20]-[22]. The diffuses, such as SiO2 and LaOF:Eu** phosphor, have optional refractive indexes (RIs) of 
1.54 and 1.80. In the Mie simulation, the SiO2 particles are considered orbicular with an average radius of 3 um. 
The phosphor particles have a 7.25 um average radius and a 1.83 RI, and the silicone glues’ RI is 1.5, at all 
wavelengths. The diffusional particle density is distinguished to set the average CCT value. When the weight 
percentage of diffuses grows, the weight of YAG:Ce** phosphor must decrease to maintain the average CCT value. 

LaOF:Eu** phosphors are synthesized using the sol gel technique. The critical chemical components 
for the LaOF:Eu** synthesis are lanthanum oxide, europium oxide, and lanthanum trifluoride, which are 
detailed in Table 1, respectively. The initial slurry is formed by dissolving the three components in methanol. 
This slurry then gets a more solid form by drying in the air and followingly powdered. The powder is burned 
in capped quartz tubes loaded with N2 and lasts an hour. The burning process is carried out 2 times at 1000 °C 
and 1200 °C, respectively, each of which is accompanied by a powdering process. The collected LaOF:Eu** 
exhibits red emission and peak emissions of 1.981—2.145 eV within the 580—600 nm wavelength band. 


Table 1. Composition of red-emitting LaOF:Eu** phosphor 
Ingredient Mole % _ By weight (g) 
La,0; 61 (of La) 99.4 
Eu,0; 5 (of Eu) 8.8 
LaF; 34 66.6 


3. SCATTERING COMPUTATION 
Expressions (1) and (2) can be used to compute anisotropy scattering g(A) and scattering coefficient 
usca(à) using Mie-scattering theory [23]-[26]. 


g(A) = 27 ff p(0,A, r)f (r) cos 0d cos 0dr (1) 


Usca(A) = J N(r)Csca (A. r)dr (2) 


In the equation of anisotropy scattering, p(8,A, r) indicates the phase function, with À — the wavelength (nm), 
r — the diffusing particles’ radius (um), and 0 — the scattering angle (°C), while f(r) indicates the size 
distribution function of the diffusing particles in the phosphorous layer. For the scattering coefficient 
formula, N(r) stipulates the distribution density of the diffusing particles (mm°), and C,,_ indicates the 
scattering cross-sections (mm7). N(r) and f(r) calculations are expressed as: 


fO) = far) + fop) (3) 

N(r) = Nap (r) F Npp (r) (4) 
Accordingly, N(r) comprises Ngp(r) — distribution density of diffusing particles and Npp(r) — distribution 
density of phosphors that are the yellow YAG:Ce** in this study. fg,(7) and f,,(r) are the size distribution 


functions of the diffusing and phosphor particles, respectively. Meanwhile, with Mie-scattering basis, C5.q is 
determined with the (5). 


Ceca = <5 De (2 — 1) (lanl? + [Bal?) (5) 


Where k = 27/A, while a, and b, are collected using (6) and (7). 


_ Un(mx)pn(x)—myn (Mx) n(x) 
GL E AAS a IE (6) 
1 = 1 
a(x, m) = pnnx)pnlx) -pnm Wn) (7) 


Wn (Mx) En (x) -Pn (Mx) Ep Œ) 


Where x = k.r, m is the refractive index, and wn(x) and n(x) are the Riccati—Bessel function. 
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Figure 2. Scattering coefficients of LaOF:Eu** in Figure 3. Anisotropy scattering of LaOF:Eu** in 
proportion to wavelengths of 453 nm, 555 nm, proportion to wavelengths of 453nm, 555nm, 
and 680 nm and 680nm 


The scattering coefficients increase with the concentration of LaOF:Eu** phosphor, as seen in Figure 2. 
The scattering effects of LaOF:Eu**, and SiO: particles have a significant impact on RPC-WLEDs. The phosphor 
LaOF:Eu** has a better absorption capacity than LED blue light. As a result, in RPC-WLEDs, the dominance of 
output red-light can be employed to compensate for red-light. Furthermore, increasing the absorption ability 
of pc-LEDs by 5% wt. SiO2 concentration used to enhance scattering events also boosts Additionally, 
improving the absorption capacity of pc-LEDs by 5% wt. SiO2 concentrations used to promote scattering events 
also improve pe-LED absorption. As a result, LaOF:Eu**, and SiO2 particles are a part of these RPC-WLEDs’ 
production higher performance in re-generating light chroma. Figure 3 shows the anisotropy factor of 
LaOF:Eu** particles at wavelengths of 453 nm, 555 nm, and 680 nm, revealing that the 680nm anisotropy 
factor is larger than the 555 nm anisotropy factor. Furthermore, when compared to other wavelengths, 453 nm 
has the highest anisotropy factor values. In other words, LaOF:Eu** particles help RPC-WLEDsrfdc maintain 
color consistency. 

Besides, the impact of the LaOF:Eu** on color features of the white light is also demonstrated via 
the reduced scattering coefficients (RSCs) and angular scattering amplitudes (ASAs). The RSCs can be 
expressed by the relation between the scattering coefficient and the anisotropy scattering, as in the following 
equation, in which the RSC is indicated by ôsca- 


sca = Hsca(1 = g) (8) 


Besides, the ASAs can be acquired from the phase function p(0, A,r) that is demonstrated by (9). 


4B (0,A,r) 


PB. AT) = Fac Gr) (9) 


The ASAs in the formulas are symbolized by p (0,/,1), S,(@) and S,(@), which are calculated: 


BOAT) = 5 (15,0)? + |S2(8)1] (10) 
Sy = UR a [an(x,m)nn (cos 0) + ba (x, m)tn (cos 0)] (11) 
S2 = Dies Zar An, M) Ty (cos 0) + by (x, m)T (cos 4)] (12) 


The calculated RSCs and ASAs are displayed in Figure 4 and Figure 5, respectively. As depicted in 
both figures, the scattering of the blue light is greatly influenced. The RSCs (Figure 4) in three different 
wavelengths of blue (453 nm), green (555 nm), and red (680 nm) increase with the concentration of 
LaOF:Eu**. However, the difference among these wavelengths is negligible. The angular light scattering 
within the blue wavelength is more significant than in the other wavelengths (Figure 5). This once emphasizes 
the improved blue light scattering as a function of LaOF:Eu** addition. Moreover, the scattering in the other 
light wavelength is boosted, significantly contributing to leveling up the general chromaticity of the white lights. 
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Figure 4. LaOF:Eu** reduced scattering Figure 5. LaOF:Eu** angular scattering amplitudes in 
coefficients in wavelengths of 453 nm, wavelengths of 453 nm, 555 nm, and 680 nm 


555 nm, and 680 nm 


4. RESULTS AND CONCLUSION 

According to Figure 4, LaOF:Eu** displays lower scattering coefficients as the wavelength value 
increase (453 nm > 555 nm > 680 nm). The color quality of RP-WLEDs is profited by the scattering stability 
of LaOF:Eu**. Then, using the MATLAB tool to calculate the angular scattering amplitudes of LaOF:Eu**. 
According to the findings in Figure 5, LaOF:Eu** particles have a significant advantage in blue-light 
scattering. We need to increase the amount of blue light emitted to reduce the yellow ring phenomena. 
Similarly, LaOF:Eu** granules are applied for not only red energy enhancement but also efficient blue light 
production and distribution. These computations’ results significantly contribute to the demonstration of 
findings in Figure 6, Figure 7, and Figure 8. 
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Figure 6. CRI factors with different LaOF:Eu** concentrations in (a) SRPC and (b) DRPC 


The divergence in CRI value between two structures SRPC (Figure 6(a)) and DRPC (Figure 6(b)) is 
not significant. Both SRPC and DRPC present the increasing CRI following the increasing weight percentage 
of LaOF:Eu**. Furthermore, these RPCs have their CRIs direct proportional to the CCT values, and thus, 
achieve the highest CRI of ~85 at 8500 K, with the LaOF:Eu** concentration ranging from 2 to 22 wt%. This 
is the vital notes on the CRI improvement for SRPC and DRPC. The challenges in controlling CRI at the 
high average CCTs (8500 K) are an outstanding problem, but phosphor LaOF:Eu** has offer a potential 
solution to this. The next color evaluating parameter is CQS which carefully considers three chroma-related 
factors: CRI, desirable color performance in observer’s visuality, and color coordinates. Thus, it can be 
implied that CRI is merely one of the color quality evaluation indices, and CQS becomes an advanced and 
critical index to evaluate color quality. When the concentration of LaOF:Eu** surpasses 22 wt%, SRPC has 
its CRI continued growing. In the meantime, DRPC’s CRI appears to be decreasing in all ACCTs. The CQS 
factor shows the same tendency in both structures, which depicted in Figure 7. In SRPC structure, CQS 
reaches its peak at the CCT of 7700 K is 71, see Figure 7(a). While in Figure 7(b), the structure of DPRC 
exhibits CQS value of 74 in nearly all ACCTs. Therefore, DRPC brings better color quality than SRPC. 
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Figure 7. CQS factors with different LaOF:Eu** concentrations in (a) SRPC and (b) DRPC 
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Figure 8. LEs with different LaOF:Eu** concentrations in (a) SRPC and (b) DRPC 


Furthermore, with the demonstration of ASAs Figure 5 that the number of angular scattering 
amplitudes of LaOF:Eu** at 453 nm is the largest compared to those at 555 nm or 680 nm, increasing the 
LaOF:Eu** content improves blue light scattering significantly. This interest is not just for boosting color 
quality but also for increasing luminous flux. However, if the LaOF:Eu** concentration exceeds 14% in SRPC, 
significant backscattering occurs, resulting in a drop in luminous flux. In certain circumstances, the light output 
steadily decreases after attaining its maximum intensity, as seen in Figure 8(a). Figure 8(b) presents a vital 
shrinkage in LE of DRPC with the increasing red-emitting LaOF:Eu** phosphor concentration. It is because the 
light transmission energy decreases significantly after passing through the LaOF:Eu** sheet. With 2%-14% 
LaOF:Eu**, nevertheless, the luminous flux of DRPC is consistently more intense than that of SRPC in all 
ACCTs. Accordingly, besides CQS, the DRPC structure yields higher brightness for WLEDs than SRPC. 


5. CONCLUSION 

This research focuses on two issues and proposes some solutions. First of all, it is the comparison of 
CQS and LED between SRPC and DRPC structures. The second is to analyze red-phosphor LaOF:Eu** 
influences on the CQS, CRI, and LE of these above structures. To achieve the expected CQS and LE, both 
factors of PC WLED internal structure and concentration must be decided at the same time. The outcome 
displayed that CRI and CQS increase with the growing concentration of phosphor LaOF:Eu**. When employing 
DRPC at ACCTs of 5600 K-8500 K, CQS can approach 74, but luminous flux (LF) drops dramatically. Even 
though, LE of DRPC is always vastly higher than SRPC at all ACCTs of 2%—14% LaOF:Eu**. The scattering 
features of LaOF:Eu**, such as the scattering coefficients — fscq(A), anisotropy factor — g(A), the RSC — 
Osca(A), and the ASA — S,(@) and S2(@), may explain this result. To sum up, while the CRIs of SRPC and 
DRPC are relatively equal, either CQS or LE of DRPC is superior to SRPC’s figures. Besides, the 
concentrations of LaOF:Eu** are recommended to be kept within an appropriate range to achieve the ideal CQS 
accompanied by stable and strong LEs. 
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